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Abstract Protein homeostasis, or proteostasis, is essential
for cell function, development, and organismal viability.
The composition of the proteome is adjusted to the specific
requirements of a particular cell type and status. Moreover,
multiple metabolic and environmental conditions challenge
the integrity of the proteome. To maintain the quality of
the proteome, the proteostasis network monitors proteins
from their synthesis through their degradation. Whereas
somatic stem cells lose their ability to maintain proteostasis
with age, immortal pluripotent stem cells exhibit a strin-
gent proteostasis network associated with their biological
function and intrinsic characteristics. Moreover, growing
evidence indicates that enhanced proteostasis mechanisms
play a central role in immortality and cell fate decisions of
pluripotent stem cells. Here, we will review new insights
into the melding fields of proteostasis and pluripotency
and their implications for the understanding of organismal
development and survival.
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Introduction

Since proteins participate in almost every biological pro-
cess, protein homeostasis (or proteostasis) is essential for
cell function, development, and organismal viability. Typi-
cally, the proteome of a mammalian cell contains 10,000 to
20,000 different proteins [1]. Many parameters determine
the integrity and quality of the proteome such its composi-
tion, the cellular localization of every single protein as well
as protein—protein interactions. The proteome is tightly reg-
ulated in a dynamic process adjusted to the specific require-
ments of a particular cell type and status. Moreover, multi-
ple metabolic and environmental conditions challenge the
integrity and functionality of the distinct proteins that com-
pose the proteome [2]. A complex network of integrated
and competing cellular mechanisms regulates the concen-
tration, folding, trafficking, and interaction of proteins [3,
4]. As such, this proteostasis network monitors proteins
from their synthesis through their degradation. The human
proteostasis network consists of about ~1400 proteins
including regulatory factors and components of macromo-
lecular machineries involved in the synthesis, folding, and
degradation of proteins [2, 5].

Under physiological conditions, the proteostasis net-
work is adjusted with high versatility in response to dis-
tinct stimuli [3—5]. During development, cell differentiation
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triggers a myriad of changes in the composition of the
proteome. Therefore, proteostasis determines successful
organismal development [6]. Furthermore, the proteostasis
network is rewired in response to different environmental
challenges and pathological conditions such as oxidative
or thermal stress and misfolding-prone mutations [5, 7].
Hence, the survival of an organism is determined by its
ability to preserve the quality of the proteome [5]. With
age, somatic cells lose extensive command of proteosta-
sis: widespread, dysregulation of protein function, aberrant
changes in protein synthesis, a generalized down-regulation
of chaperones, and impairment of proteolytic machiner-
ies often appear in post-mitotic cells as well as adult stem
and progenitor cells across time [5—10]. This decline in
proteostasis contributes to the characteristic loss of tissue
homeostasis of aging organisms [11]. Moreover, proteosta-
sis dysfunction is linked with multiple age-associated dis-
orders including Alzheimer’s, Huntington’s, or Parkinson’s
disease and cancer [12]. Conversely, mechanisms that pre-
serve or enhance the proteostasis network until late in life
extend healthspan and delay the onset of age-related disor-
ders [5, 7, 13].

While somatic stem cells lose their ability to maintain
proteostasis with age [8—10], immortal pluripotent stem
cells exhibit a tightly regulated proteostasis network associ-
ated with their biological function and intrinsic characteris-
tics [6]. The gold standard of pluripotency is the embryonic
stem cell (ESC), which is derived from the inner cell mass
of early-stage preimplantation embryos [14]. Alternatively,
somatic cells can be reprogrammed by ectopic expression
of transcription factors to generate induced pluripotent
stem cells (iPSCs) that share similar characteristics with
ESCs [14, 15]. Both ESCs and iPSCs replicate indefinitely
without undergoing senescence while maintaining their
pluripotency [16]. While the transcriptional, epigenetic,
and signaling regulators of ESC/iPSC identity have been a
primary focus of research efforts, growing evidence indi-
cates that proteostasis regulatory mechanisms also play a
central role in ESC/iPSC self-renewal, pluripotency, and
cell fate decisions [17-19]. Defects in proteostasis lead to
the accumulation of damaged proteins that could result in
impairment of ESC pluripotency and immortality. In addi-
tion, the passage of these aberrant proteins to progenitor
cells during asymmetric divisions may compromise organ-
ismal development and aging. As the origin of multicel-
lular organisms, pluripotent stem cells must have stringent
mechanisms to protect their proteome from any proteostatic
imbalance that would otherwise compromise their function
and immortality [6]. Here, we will review new insights into
the intrinsic regulation of proteostasis of pluripotent stem
cells. Moreover, we will discuss the implications of these
findings for the understanding of cell differentiation as well
as organismal development and survival.
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Protein synthesis

Protein translation is a fundamental step of gene expression
by which ribosomes decode mRNAs to synthesize new pro-
teins as linear chains of amino acids [1]. Protein transla-
tion consists of three phases: initiation, elongation, and ter-
mination. Regulation of protein synthesis can occur at any
phase of translation and it may be either specific for distinct
transcripts or specific for global. For instance, phosphoryla-
tion of the translation initiation factor e[F2Aa impairs the
recruitment of the Met-tRNA to the 40S ribosome subu-
nit, resulting in down-regulation of global translational
rates [20, 21]. Protein translation is differentially regulated
among distinct cell types, a process that contributes to
establish and maintain differences in cell identity and func-
tion [22].

Given that protein synthesis rates impinge upon multiple
biological processes that determine cell identity and sta-
tus, this process is tightly regulated. For instance, the bal-
ance between cell proliferation and differentiation crucially
depends on activation or repression of protein translation
[22]. Several studies in animal models demonstrate that
changes in global translational rates are essential to facili-
tate transition into differentiated states. This is the case of
mouse haematopoietic stem cells, which require enhanced
protein synthesis to maintain their stemness [23]. In Dros-
ophila melanogaster and Caenorhabditis elegans, precise
regulation of translational rates influences the function
and proliferation of immortal germline stem cells (GSCs),
which are designed to generate gametes for reproduction
and maintain an unlimited proliferative capacity [24-27].
Given their biological function and particular character-
istics, ESCs must have intrinsic regulatory mechanisms
to control protein translation (Fig. 1). Emerging evidence
indicates that ESCs exhibit high demand for increased
translational rates to sustain their elevated self-renewal
activity and pluripotency [19]. In mouse ESCs (mESCs),
down-regulation of global protein synthesis rates results
in loss of pluripotency as observed with either transla-
tional inhibitors or knockdown of genes involved in ribo-
some biogenesis [19]. Moreover, this study showed that
the high global translational rates of mESCs decrease
during their differentiation into either embryoid bodies or
neural cells [19]. General up-regulation of translation in
mESCs is linked with their elevated expression of several
subunits (e.g., Ddx47, Krrl) of the small subunit proces-
some (SSUP), a complex that mediates 18S rRNA biogen-
esis and intensify global protein synthesis [19]. Concomi-
tantly, knockdown of distinct SSUP components impairs
40S ribosome biogenesis in mESCs. Pluripotency fac-
tors such as Nanog promote the high expression of SSUP
subunits in mESCs, providing a direct link between pluri-
potency and elevated protein synthesis [19]. In addition,
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Fig. 1 Intrinsic regulation of proteostasis-related anabolic processes
of pluripotent stem cells. Scheme showing specific components
of protein translation and folding nodes, which are differentially
expressed in pluripotent stem cells compared with their differentiated
counterparts. Pluripotent stem cells exhibit up-regulated global levels
of protein synthesis rates, a process modulated by enhanced expres-
sion of several subunits of the small subunit processome (SSUP),
unmethylated state of rDNA promoter, and translation of ribosome
subunits. To assist the folding of high amounts of newly synthesized

the translation of ribosomal proteins itself undergoes a
strong repression when mESCs differentiate into embry-
oid bodies [28]. While ribosomal protein genes are highly
expressed in embryoid bodies, their transcripts are trans-
lated less efficiently than the typical mRNAs. In support
of a link between enhanced protein synthesis and pluripo-
tency, mESCs produce high levels of pre-rRNA by main-
taining the rDNA promoter in an unmethylated state [29].
Whether the aforementioned regulatory mechanisms are
evolutionary conserved in human ESCs (hESCs) and iPSCs
remained to be elucidated. However, it is important to note
that other findings do not support a model of increased
global translational rates in ESCs. A previous study indi-
cated that protein translation is parsimonious in mESCs,
whereas the global loading of mRNAs in translating poly-
somes increases during early differentiation into embryoid
bodies, resulting in increased protein synthesis and content
[30]. This process is modulated by increased phosphoryla-
tion of 4EBPI through activation of the mTOR pathway in
embryoid bodies, resulting in the release of active elF4E
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proteins, pluripotent stem cell function requires increased expres-
sion of chaperone core machinery genes. In addition, the intrinsic
chaperome network of pluripotent stem cells maintains the proper
folded state of proteins from their synthesis through their degrada-
tion, resulting in decreased accumulation of damaged/misfolded pro-
teins and aggregates. Although differentiated cells exhibit decreased
translational rates, a concomitant down-regulation in the chaperone/
folding system diminishes their ability to refold damaged/misfolded
proteins and restrain protein aggregation

complexes that up-regulate global translation [30]. Moreo-
ver, mESCs also exhibit an intrinsic translation of upstream
open reading frames (uORFs) by which these cells pre-
cisely regulate protein synthesis to impact gene expression
genome-wide. uORFs are central regulators of gene expres-
sion located in the 5'UTR of the mRNA and, therefore,
precede the initiation codon of the main codon region [31].
When translation starts from the uORF, protein synthesis
of the actual ORF is impaired [31]. Interestingly, mESCs
display increased uORF translation compared with their
differentiated counterparts [28]. Given that approximately,
half of the human transcripts possess uORFs [31], this pro-
cess could also play an important role in the regulation of
global translational rates of hESCs.

Remarkably, post-transcriptional modifications of RNA
modulate ESC identity and cell fate decisions. N6-methy-
ladenosine (m®A), the most abundant post-transcriptional
modification in RNA [32], is involved in all aspects of
RNA metabolism, including mRNA turnover [33, 34] and
translation efficiency [35]. Whereas several studies propose
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that m®A modifications are required to maintain ESC iden-
tity [17, 34], other findings suggest that m®A determines
ESC commitment to differentiated states [35, 36]. Notably,
the chromatin-associated zinc finger protein 217 (ZFP217)
modulates the global levels of m®A in ESCs. ZFP217 inter-
acts with epigenetic modulators to activate the transcription
of multiple core pluripotency factors while reduces m°A
deposition on these pro-pluripotency transcripts to promote
their translation [17]. Likewise, growing evidence indicates
that distinct RNA-binding proteins (RBPs) also play central
roles in hESC identity and cell fate decisions. RBPs par-
ticipate in practically any step of gene expression involv-
ing RNA such as turnover and translation [18]. One of the
most studied RBPs in the context of pluripotency is LIN28,
which is highly expressed in ESCs to regulate the stabil-
ity and translation of hundreds of mRNAs that define ESC
identity [37].

Taken together, global protein synthesis rates as well as
post-transcriptional co-regulation of functionally related
genes determine ESC identity. However, there are still
many intriguing aspects to be examined in the field. Moreo-
ver, most of the studies used mESCs as a primary model,
whereas translational regulatory mechanisms remain
largely unknown in human pluripotent stem cells. Thus, it
will be particularly fascinating to define how human pluri-
potent stem cells regulate global translational rates and
their changes during cell differentiation/reprogramming.

Protein folding and aggregation

Once proteins are synthesized in the ribosome, they must
fold in a proper three-dimensional structure to perform
their specific biological function [2]. Protein folding is
facilitated by molecular chaperones [38]. Besides altered
protein activity, dysfunction of nascent protein folding
can also result in aberrant aggregation [1]. Since chaper-
ones are critical for the folding of numerous nascent pro-
teins, imbalances in the chaperone network can acceler-
ate aggregate formation. Chaperones interfere at different
steps of the aggregation process, including primary nuclea-
tion, elongation, and fragmentation of fibril and secondary
nucleation [1]. In addition, chaperones participate in refold-
ing or scavenging activities when the structure of proteins
is challenged by distinct conditions, including high tem-
peratures or oxidative stress as well as the aging process [2,
5, 38]. Thus, molecular chaperones are central components
of the proteostasis network that assure the proper folding
and localization of proteins through their life cycle [5]. To
sustain the integrity of the proteome under both physiologi-
cal and stress conditions, several chaperone families and
co-chaperones cooperate preserving the balance between
protein synthesis, folding, and degradation [1]. The human
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chaperome is formed by 332 chaperones and co-chaperones
with specific functions and intracellular localization [39].
These chaperones are grouped in different families such as
the 90 kilodalton heat-shock proteins (HSP90s), HSP70s,
HSP60s (also known as chaperonins), HSP40s, and small
HSPs [1, 5]. Each of these major chaperone families are
essential for cell viability, indicating that they are enrolled
in non-overlapping functions [40]. Whereas distinct chaper-
ones are involved in protein biogenesis, other set evolved to
essentially protect the cell from proteotoxic stress [41].

Growing evidence indicates that specific chaperones
have a role in pluripotency and differentiation (Fig. 1).
In ESCs, the intense quality control of the proteome by
the chaperome network is adjusted to their high prolifera-
tive and translational rates as well as the need to maintain
a pristine proteome that can be transferred to their differ-
entiated counterparts [6]. Indeed, ESCs have an intrinsic
chaperome network with high expression of multiple chap-
erones, whereas down-regulation of these chaperones leads
to ESC differentiation [42, 43]. Moreover, this intrinsic
chaperome network could contribute to explain why ESCs
do not age [6]. In the following sections, we will discuss
recent insights into the link between chaperones, proteo-
toxic stress resistance, and pluripotency.

HSP90s

HSP90s are involved in many nodes of proteostasis such as
proper protein folding, stabilization of proteins against heat
stress, and degradation of misfolded proteins. HSP90s form
homodimers that cooperate with over 20 co-chaperones and
regulators [e.g., Cdc37, Ahal, p23/Sbal, or the HSP organ-
izing protein (HOP)] that modulate their ATPase activ-
ity, recruit clients, and facilitate client maturation [1, 5,
44]. In humans, there are five functional HSP90 isoforms.
HSPI90B1 (also known as GRP94) and TRAPI are essen-
tially located in the ER and mitochondria, respectively [45,
46]. In the cytosol, there are two types of HSP90s: the con-
stitutively expressed HSP90OAB1 and the stress-induced
HSP90AAT1 and HSP90OAA?2 [47].

Highly proliferative cells such as cancer cells exhibit
increased levels of cytosolic HSP90 [48]. Likewise, mESCs
and hESCs express high levels of cytosolic HSP90 as
well as its co-chaperone HOP [42, 43]. Down-regulation
of HSP90 activity by either specific inhibitors or knock-
down leads to ESC differentiation [49]. The increased
levels of cytosolic HSP90 and co-chaperones not only
confer enhanced stress tolerance to ESCs but also regu-
late key pluripotency components [43]. For instance, cyto-
solic Hsp90 binds Oct4 and Nanog in mESCs, protecting
these pluripotency factors from degradation by the protea-
some [49]. In addition, Hsp90 and Hop play a role in the
regulation of the JAK/STAT3 signaling pathway [50, 51],
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which is essential for maintenance of mESC cultures in
the absence of feeder cells [14]. Both cytosolic Hsp90 and
Hop are required for the activation of Stat3 phosphoryla-
tion and its nuclear translocation [50, 51]. Notably, the leu-
kaemia inhibitory factor (LIF), a key ingredient for cultur-
ing mESCs that activates the JAK-STAT3 pathway [14],
promotes the interaction of Hsp90 with Stat3 during self-
renewal [51].

The role of GRP94, the primary HSP90 for the fold-
ing of secretory and membrane proteins in the ER, has
also been examined in the context of ESC pluripotency.
Grp94~'~ mouse embryos die on day 7 of gestation and fail
to develop mesoderm and primitive streak [52]. Although
Grp94~'~ mESCs can proliferate in culture and differentiate
into all the three germ layers, they cannot further differenti-
ate into cardiac, smooth, or skeletal muscle [52]. Moreover,
differentiated cells from Grp94~'~ mESCs are hypersensi-
tive to serum deprivation and show impaired secretion of
growth factors such as the insulin-like growth factor II [52].

HSP70s

HSP70 family of chaperones is involved in many aspects
of cellular proteostasis, including protein synthesis, trans-
location, aggregation, and degradation [1, 53, 54]. Multi-
ple co-chaperones interact with HSP70s to assist them in
their vast range of proteostatic tasks. The most important
co-chaperones are DNAJ-domain-containing HSP40s [39,
55] and nucleotide exchange factors (NEFs) such as BAG1
[54]. De novo folding is modulated by the combined action
of HSP70s with different co-chaperones and other molecu-
lar chaperones including HSP90s and chaperonins. Once
HSP70 is loaded with a client, it couples with HSP90 via
HOP or interacts directly with chaperonins to deliver the
client for further folding [1]. In stressed cells, the presence
of DNAJ-domain-containing HSP40s co-chaperones and
ATP potentiates HSP70 chaperone efficiency [56]. Cyto-
solic HSP70 is not only required for proper protein folding,
but also for 26S proteasome-dependent degradation of mis-
folded proteins distributed in the cytosol itself or extracted
from the endoplasmic reticulum (ER) and mitochondria.
Moreover, HSP70 can also target misfolded proteins to
the lysosome in a process known as chaperone-mediated
autophagy (CMA) [53, 57]. In addition, HSP70s also con-
tribute to the clearance of protein aggregates and their deg-
radation to peptides [53]. Accordingly, overexpression of
HSP70s can protect from age-and disease-associated tissue
degeneration in brain, heart, and skeletal muscle [58]. Con-
versely, dysfunction of HSP70 activities can lead to severe
human degenerative diseases such as Alzheimer’s or Par-
kinson’s and type 2 diabetes.

The distinct members of the HSP70 family show dif-
ferential intracellular location. HSPAS is the major HSP70

expressed in the cytosol, whereas HSPAS (BIP) and
HSPA9 (mortalin) are the most abundant HSP70 species
in ER and mitochondria, respectively [53]. Interestingly,
immunocytochemical analyses showed that HSPAS can
be detected on the surface of hESCs, whereas this surface
expression is markedly decreased during differentiation,
suggesting that HSPAS8 is a putative cell-surface marker
for undifferentiated hESCs [59]. However, it is unknown
whether surface expression of HSPA8 impinges upon ESC
function and cell reprogramming. Although the surface
expression of HSPAS is down-regulated during neural dif-
ferentiation [59], it is important to note that the total levels
of HSPAS do not change upon neuroectodermal differentia-
tion [42]. In mESCs, the levels of other cytosolic HSP70s
(i.e., Hspala and Hspalb) are increased when compared
with murine differentiated cells [60]. Likewise, hESCs also
exhibit increased expression of HSPAIB [61]. Although
the impact of these increased levels of specific cytosolic
HSP70s has not been examined, their cellular functions
suggest a role in the regulation of intrinsic characteristics
of pluripotent stem cells. For instance, increased HSP70s
may be necessary to cope with the high protein-folding
requirements originated from enhanced protein synthesis
and proliferation rates. Moreover, HSPA1B confers resist-
ance to apoptosis [62], and therefore, this chaperone could
contribute to the increased resistance of ESCs compared
with differentiated cells [60]. Given that a small number
of pluripotent stem cells give rise to all the organismal
tissues, another possibility is that increased HSP70 levels
confer resistance to various stress (including proteotoxic
and oxidative stress) assuring the generation of healthy dif-
ferentiated cells. In these lines, the levels of mortalin, the
mitochondrial HSP70, are also increased in ESCs [60, 63].
Mortalin is involved in multiple biological processes such
as control of cell proliferation [64] or stress response [65].
Overexpression of mortalin in somatic cells confers sur-
vival advantage to these cells and assists telomerase in cell
immortalization [66], factors that have a key role in mainte-
nance of ESC identity.

HSP60s (chaperonins)

Chaperonins exhibit ATPase activity to bind and facilitate
the folding of nascent or misfolded proteins. The 60 kDa
chaperonin family of proteins consists of both constitu-
tively expressed and stress inducible members [39]. These
chaperonins can assemble into multi-subunit protein-fold-
ing complexes that are divided into two major groups: (1)
Group I chaperonins, which are present in bacteria and
organelles of endosymbiotic origin (i.e., chloroplasts and
mitochondria) and (2) Group II chaperonins (TRiC/CCT),
which are found in the cytosol of eukaryotes and in Archea
[67]. Notably, pluripotent stem cells exhibit high levels of
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HSPD1 [42, 68], a mitochondrial chaperonin that not only
participates in the transport and folding of imported pro-
teins but also promotes refolding of misfolded proteins
ensued from stress conditions in the mitochondrial matrix
[69]. Moreover, hESCs also exhibit increased levels of
HSPE1 [42], a co-chaperone of HSPD1 [70]. These up-
regulated levels of both HSPD1 and HSPE1 decrease upon
differentiation [42].

In addition, hESCs and iPSC exhibit intrinsic up-regu-
lated levels of the eukaryotic cytosolic TRiC/CCT chap-
eronin complex [42]. TRiC/CCT consists of two-stacked
rings that form a cylindrical structure with a central cav-
ity to assist the folding of non-native proteins [71]. Each
ring of the TRiC/CCT complex is formed by eight paralo-
gous subunits that have different client recognition spe-
cificities [72]. TRiC/CCT is essential for cell viability and
facilitates the proper folding of approximately 10% of the
nascent proteome [67, 73]. For instance, TRiC/CCT com-
plex assists the folding of key cytoskeletal proteins (e.g.,
actin and tubulin) maintaining cell morphology and allow-
ing for cell division [5]. Human pluripotent stem cells
exhibit an increased expression of several CCT subunits
(e.g., CCT3, CCT4, and CCT8) compared with their dif-
ferentiated counterparts, resulting in enhanced levels of the
TRiC/CCT complex [42]. Conversely, TRiC/CCT assem-
bly decreases during differentiation. Notably, this decline
is already significant in multipotent cells such as neural
progenitor cells before terminal differentiation [42]. On
the contrary, pluripotent stem cells maintain high levels of
CCT subunits after numerous passages, further supporting
a link between pluripotency status and enhanced expres-
sion of CCTs [42]. Indeed, a mild knockdown of different
CCT subunits decreases the levels of pluripotency mark-
ers in hESCs/iPSCs, whereas strong CCT down-regulation
induces cell death and detachment of hESC/iPSC colonies
[42]. The mechanisms by which increased assembly of the
TRiC/CCT complex maintains pluripotency are unknown.
Enhanced TRiC/CCT assembly may be required for the
folding of central regulatory or structural proteins involved
either in maintenance of pluripotency or generation of
healthy differentiated cells. Interestingly, a study performed
in calreticulin™~ mESCs showed down-regulation of Ccz2,
Cct3, and Cct7 subunits in these cells [74]. Calreticulin, a
chaperone that binds to misfolded/damaged proteins pre-
venting their export from the ER, is essential for cardiac
development in mice [75] and proper myofibril formation
during cardiomyocyte differentiation of mESCs [76]. Given
that TRiC/CCT modulates folding and actin dynamics, the
decrease of Cct subunits in calreticulin”~ mESCs may
forecast the myofibrillar disarray reported in their cardio-
myocytes counterparts [74].

Besides assisting the folding of newly synthesized
proteins [77], TRiC/CCT complex also regulates the
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aggregation and toxicity of misfolded proteins [78].
For instance, TRiC/CCT modulates the aggregation of
mutant huntingtin (HTT) [79-81], the protein underly-
ing Huntington’s disease [82]. Accordingly, dysfunction
of the TRiC/CCT complex induces aggregation of mutant
HTT and worsens Huntington’s disease-related changes
in yeast, C. elegans, and mammalian models [79-81].
In addition, TRiC/CCT also hampers amyloid fibril for-
mation of a-synuclein A53T (one of the most studied
mutations linked with Parkinson’s disease) suggesting
a general function of TRiC/CCT in controlling amyloi-
dopathies [83]. Thus, increased TRiC/CCT levels could
function in pluripotent stem cells to maintain an intact
proteome for either self-renewal or the generation of pro-
genitor cells. Indeed, enhanced TRiC/CCT assembly is
required for the striking ability of pluripotent stem cells
derived from Huntington’s disease patients to maintain
proteostasis of aggregation-prone mutant HTT [42]. Since
the levels of CCT subunits further decrease in somatic
tissues with age [39], a detailed study of how pluripotent
stem cells sustain increased TRiC/CCT assembly could
have important implications for correcting proteostasis
defects in age-related diseases. In particular, CCT8 subu-
nit has been established as a key promoter of TRiC/CCT
assembly in pluripotent stem cells [42]. Remarkably,
mimicking proteostasis of iPSCs in post-mitotic somatic
tissues by ectopic expression of CCTS is sufficient to
increase TRiC/CCT assembly. Moreover, somatic over-
expression of CCT8 delays the age-associated proteosta-
sis demise and extends longevity in C. elegans. Notably,
CCTS8 also reduces toxic protein aggregation and amelio-
rates Huntington’s disease-related changes in C. elegans
models [42]. One step further will be to define how the
levels of CCTS8 and other CCT subunits are modulated in
pluripotent stem cells with the aim to mimic this regula-
tion in somatic tissues of disease models.

HSP40s

HSP40s play a role as holding chaperones and HSP70
co-chaperones, allowing for substrate targeting of HSP70
family members [39]. Although HSP40s lack ATPase
activity, they can stimulate ATP hydrolysis exerted by
HSP70s during protein folding and disaggregation activi-
ties [84]. The levels of several DNAJ-domain-containing
HSP40s such as DNAJA1, DNAJA2, DNAJB1, DNAJC7,
DNAJCS8, and DNAJC9 decrease during neuronal dif-
ferentiation of hESCs [42]. However, whether increased
levels of these HSP40s are required for hESC self-
renewal, pluripotency and/or differentiation remain to be
elucidated.
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Small HSPs

One of the main functions of small HSPs is to prevent the
accumulation and aggregation of misfolded proteins by
facilitating their refolding or degradation [85]. Although
the impact of small HSPs has not been studied in a compre-
hensive manner in the context of pluripotency, cumulative
evidence indicates that these chaperones could play impor-
tant roles in pluripotent stem cells. Several studies have
shown changes in the levels of specific small HSPs (e.g.,
HSP27) during differentiation [42, 60, 86]. In particular,
Hsp27 levels increase during the early stages of differentia-
tion [86]. Notably, this up-regulation of Hsp27 prevents dif-
ferentiating mESCs from undergoing apoptosis and, there-
fore, allows for their differentiation into embryoid bodies
[86].

Protein clearance systems

Protein degradation systems maintain the proper concen-
tration of many regulatory factors and adjust their levels in
response to intracellular signaling pathways and external
stimuli [7]. Moreover, proteolytic systems terminate dam-
aged and misfolded proteins when refolding mechanisms
are not sufficient to assure proper protein function, reduc-
ing proteotoxicity stress and protein aggregation [7]. Dif-
ferent proteolytic systems such as the ubiquitin proteasome
system (UPS), autophagy, calpains, and caspases contribute
to clearance of proteins [7]. Among them, intrinsic UPS
and autophagy mechanisms have been linked with pluripo-
tency, differentiation, and cell reprogramming [87-89].

The ubiquitin proteasome system (UPS)

The UPS is the major selective proteolytic system in eukar-
yotic cells [90]. As such, the UPS determines half-life of
numerous proteins and prevents accumulation of damaged
proteins and aggregates, regulating multiple biological
processes [4]. The first step of the UPS-mediated degra-
dation is the sequential attachment of ubiquitin molecules
to the target protein (Fig. 2). This process is accomplished
through a three-step cascade mechanism [91]. First, ubiq-
uitin is activated in an ATP-dependent manner by the ubiq-
uitin-activating enzyme (E1) [92]. The activated ubiquitin
is transferred to ubiquitin-conjugating enzymes (E2s) via
formation of E2-ubiquitin thioester structure [93]. Then, E3
ligases catalyze the attachment of ubiquitin to their specific
target proteins by binding both the E2-ubiquitin thioester
structure and the target protein [92]. The same sequential
mechanism links additional molecules to the primary ubiq-
uitin via internal ubiquitin lysines, forming a polyubiquitin
chain. Given that the proteasome regulates the abundance

of pluripotency factors such as OCT4 or NANOG, the UPS
is involved in maintenance of hESC identity and differen-
tiation [94]. Moreover, the UPS also have a critical role in
cell reprogramming [87]. ESCs exhibit and intrinsic UPS
network characterized by differential expression of pro-
teasome regulators (Fig. 2) and E3 ligases compared with
differentiated cells [87, 89]. E3 ligases are responsible for
substrate selection providing specificity to the proteolytic
process. While there are only 2 E1 and 35 E2s, over 600
E3 ligases have been identified in humans so far. Among
them, specific E3s regulate pluripotency and differentia-
tion (recently reviewed in [95]). For instance, the E3 ligase
Huwel polyubiquitinates N-myc (an essential transcrip-
tion factor for ESC identity) and promotes its degradation
by the proteasome, allowing for neural differentiation of
mESCs [96].

After the polyubiquitination cascade process, target
proteins can be recognized and degraded by the 26S/30S
proteasome [97, 98]. The 26S/30S proteasome is formed
by the interaction of the 20S catalytic core with the 19S
regulatory complex [98]. Notably, both hESCs and mESCs
exhibit increased 26S/30S proteasome assembly and activ-
ity (Fig. 2) [87, 89]. Although ESCs have enhanced pro-
teasome activity, these cells are extremely more sensitive
to proteasome inhibition compared with differentiated
cells [89, 99]. Moreover, elevated proteasome activity is
required for ESC function as a mild down-regulation of the
proteasome results in decreased levels of pluripotency fac-
tors (e.g., OCT4, NANOG) and concomitant differentiation
[89, 99]. In hESCs and iPSCs, increased proteasome activ-
ity is induced by high expression of PSMD11/RPN6 [89], a
19S scaffolding subunit that also promotes the interaction
between the 19S regulatory complex and the 20S catalytic
core [100]. Interestingly, increased levels of PSMDI11/
RPN6 in immortal hESCs/iPSCs are regulated by FOXO04,
a forkhead transcription factor associated with organis-
mal longevity. This modulation of proteasome activity by
FOXO4 is necessary for ESC differentiation into neural
cells [101]. Besides PSMDI11/RPN6, other proteasome
components and regulators are also increased in ESCs. For
instance, ESCs exhibit up-regulation of the deubiquitinat-
ing enzyme Psmd14 [87] and the proteasome maturation
protein (POMP) [102]. POMP is a proteasome chaperone
that not only maintains proliferation of hESCs but also reg-
ulates cell reprogramming [102]. Remarkably, POMP lev-
els in ESCs are regulated by NRF2, a transcription factors
that confers stress tolerance [102].

Besides its role in regulating the concentration of pluri-
potency/differentiation factors, increased proteasome activ-
ity could also terminate damaged proteins and maintain
an intact proteome in ESCs. In support of this hypoth-
esis, overexpression of PSMDI11/RPN6 in somatic tissues
increases stress tolerance and ameliorates the accumulation
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Fig. 2 Intrinsic regulatory mechanisms of 26S/30S proteasome
activity in pluripotent stem cells compared with their differenti-
ated counterparts. Proteasome-mediated degradation starts with the
sequential attachment of ubiquitin molecules to the target substrate
(e.g., regulatory, unnecessary, damaged, and misfolded proteins), a
process mediated by a three-step cascade mechanism. First, ubiquitin
is activated in an ATP-dependent manner by the ubiquitin-activating
enzyme (E1). The activated ubiquitin is transferred to ubiquitin-con-
jugating enzymes (E2s) via formation of E2-ubiquitin thioester struc-
ture. Then, E3 ligases catalyze the attachment of ubiquitin to their
specific target by binding both the E2-ubiquitin thioester structure
and the substrate protein. The same sequential mechanism links addi-

of protein aggregates in Huntington’s disease models [103].
Moreover, a role of enhanced proteasome activity in deg-
radation of damaged proteins has been established in dif-
ferentiating mESCs [104, 105]. At this stage, a variant of
the proteasome known as immunoproteasome acquires a
key relevance. The immunoproteasome, normally associ-
ated with antigen-presenting cells, is generated by replace-
ment of the 20S catalytic subunits by p1i, p2i, and p5i and
the 19S regulatory particle by the PA28af complex (also
known as 11S complex). During the early steps of differen-
tiation, ESCs trigger the termination of damaged proteins
by induction of the catalytic subunit $5i (PSMBS) and the
immunoproteasome regulatory activator PA28af [104,
105].
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tional molecules to the primary ubiquitin through internal ubiquitin
lysines, forming a polyubiquitin chain. E3 ligases provide specificity
to the proteasomal-degradation process and over 600 E3 ligases have
been identified in humans so far. After the polyubiquitination cascade
process, target proteins are recognized and degraded by the 26S/30S
proteasome. Active 26S/30S proteasomes are formed by the interac-
tion between the 20S catalytic core and the 19S regulatory particle.
Pluripotent stem cells exhibit increased levels of RPN6 and POMP
resulting in increased assembly and activity of the 26S/30S protea-
some. On the contrary, the levels of RPN6 and POMP are down-
regulated in differentiated cells resulting in decreased assembly of
26S/30S proteasomes

Autophagy: the bulk degradation pathway

Autophagy is a self-catabolic process that degrades cyto-
solic fractions as well as damaged or outlived organelles
and macromolecules. Autophagy is essential in biological
processes that require extensive cellular restructuration,
such as embryogenesis, cellular differentiation, or repro-
gramming [9, 106-109]. Lysosome, the catalytic compo-
nent of the autophagy process, contains a variety of cellular
hydrolases, lipases, nucleotidases, glycosidases, as well as
proteases with the highest activity at acidic pH. Autophagy
is emerging as a selective mechanism of protein degrada-
tion [110]. Specific adaptors such as p62 (SQSTMI) rec-
ognize ubiquitinated proteins and target these substrates



Mechanisms of protein homeostasis (proteostasis) maintain stem cell identity in mammalian... 283

to the autophagy machinery [110]. Lysosomal proteolysis
results in free amino acids, small di- and tri-peptides as
well as larger peptides that are released into the cytosol to
be either further metabolized to obtain energy or recycled
to synthesize de novo molecules [107, 111]. The autophagy
process does not only function as a cellular recycling path-
way but also preserves cellular homeostasis acting as a
quality control mechanism of proteins and organelles. As
such, autophagy also contributes to scavenge misfolded
and aggregated proteins [5, 7]. Whereas protein aggregates
can block the proteasome machinery [112], autophagy is
able to degrade large protein complexes or aggregates [5,
7]. This function includes degradation of aberrant aggre-
gates formed by neurodegenerative-associated proteins
such a-synuclein, tau and polyglutamine-expanded proteins
(e.g., mutant HTT) [113]. Accordingly, dysregulation of
this process is associated with age-related disorders such as
Parkinson’s, Alzheimer’s and Huntington’s disease [7, 11].
Depending on the cargo recognition system and the
mechanism of delivery to lysosomes, autophagy is classi-
fied into different modalities [114]. The best characterized
types of autophagy are macroautophagy, microautophagy,
and CMA. In microautophagy, parts of the cytoplasm are
directly engulfed by the lysosome membrane [115]. In
CMA, cytoplasmic proteins are recognized by chaperones

Pluripotent stem cells

such as HSP70 through a consensus sequence and trans-
ferred to the lysosome for their proteolysis [116]. Macro-
autophagy (hereafter referred as autophagy) is an evolu-
tionary conserved process characterized by the engulfment
of organelles or cytosolic regions by a double membrane
vesicle known as autophagosome, which then fuses with
the lysosome leading to degradation of its contents [115].
Autophagy and microautophagy can degrade both orga-
nelles and proteins, whereas CMA exclusively participates
in protein termination [116].

Autophagy is based on the orchestrated action of many
proteins and protein complexes. The integral part of the
autophagy process is regulated by the autophagy-related
(ATG) genes, which were first characterized in yeast as
essential for nutrient stress and starvation, but have homo-
logues in almost all other organisms, including mammals
[109, 117]. Autophagy starts with the formation of a dou-
ble membrane structure known as the phagophore, a pro-
cess regulated by the ULK complex (consisting of ULKI,
ATG13, FIP200, and ATGI101) [7] (Fig. 3). Then, the
VPS34-BECNI1 complex (composed of VPS34, BECNI,
AMBRALI, and ATG14L) promotes the expansion of the
phagophore. Once the cytoplasmic fraction is engulfed
into the phagophore, the membrane elongates until it
closes forming the autophagosome. Both elongation and

Differentiation:

Differentiated cells
early stages

Lysosome
t ULK1, ATG13,
ATG101, ...
Phagophore
ATG12,...
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Fig. 3 Autophagic flux in pluripotency and differentiation. The ULK
complex (ULK1, ATG13, FIP200, and ATG101) regulates the for-
mation of the double membrane structure known as the phagophore.
Then, the VPS34-BECN1 complex (formed by VPS34, BECNI,
AMBRAI, and ATG14L) mediates the expansion of the phagophore.
Once the cytoplasmic fraction is engulfed into the phagophore, the
membrane elongates until it closes forming the autophagosome, a
process regulated by the ATG12-ATG5-ATG16L1 complex, which
enhances the conjugation of cytosolic LC3 (LC3I) to phosphatidy-
lethanolamine. LC3-phosphatidylethanolamine conjugate (LC3II)

is recruited to the membrane and then LC3II-containing autophago-
somes are trafficked to the lysosome for their degradation. Pluripotent
stem cells exhibit a higher basal autophagic flux compared to termi-
nally differentiated cells such as fibroblast and neurons. These up-
regulated levels of autophagic flux are sustained by increased expres-
sion of core genes involved in different steps of autophagy. Moreover,
autophagy-lysosome activity is further up-regulated during early
differentiation steps. Once the cells are differentiated, they exhibit
decreased autophagic flux compared with undifferentiated pluripotent
stem cells

@ Springer



284

A. Noormohammadi et al.

closure of the autophagosome membrane are regulated by
the ATG12-ATG5-ATG16L1 complex, which enhances
the conjugation of cytosolic LC3 (LC3I) to phosphatidy-
lethanolamine. LC3—phosphatidylethanolamine conjugate
(LC310) is recruited to the membrane, and then, LC3II-pos-
itive autophagosomes are trafficked to the lysosome for
degradation. Autophagy is modulated by many signaling
pathways such as Sirtuin 1 (SIRT1), adenosine monophos-
phate-activated protein kinase (AMPK), and mTOR, a ser-
ine/threonine kinase which exists in two complexes named
mTORC1 and mTORC2 [118-120]. mTORCI1, the mam-
malian target of rapamycin, modulates the assembly of the
ATG complex required for the formation of the autophago-
some [121].

Autophagy is highly up-regulated in oocytes imme-
diately after fertilization [122] and a particular form of
autophagy, mitophagy, removes paternal mitochondria
from fertilized oocytes [123]. Autophagy is essential for
the first stages of embryogenesis (up to the eight-cell stage)
for removing old cellular structures and recycling cellular
components [109]. Mice carrying an oocyte specific con-
ditional knockout of Azg5 do not proceed the four-to-eight-
cell stage if fertilized with Atg5-null sperm. Becnl ™~ and
Ambral™ mice also fail to develop [109]. The impact
of autophagy in later stages of embryogenesis remains
unclear. Knockout mouse models for different Azg genes
(such as Arg77~, Atg9~~, Atg3™~, Atgl6LI™"~, Atg5™")
give birth to litters at mendelian frequencies, although they
exhibit reduced weight at birth and die within 1-2 days
postnatally, presumably due to suckling defects associated
with neurological abnormalities [109, 124]. It remains to be
elucidated whether other mechanisms such as the UPS can
compensate for autophagy dysfunction in the later develop-
mental stages [115].

In vitro, autophagy is also required for ESC differenti-
ation as loss of ATGS and BECNI leads to formation of
defective embryonic bodies [125]. Moreover, autophagy
is essential for mitochondrial homeostasis during pluripo-
tency acquirement and maintenance [126]. A recent study
has shown that mESCs exhibit a higher basal autophagic
flux when compared with terminally differentiated cells
such as neurons or fibroblasts [88]. This high autophagic
flux results in increased degradation of long-lived pro-
teins [88]. The powerful autophagic infrastructure of
ESCs is maintained by enhanced expression of core genes
involved in autophagy initiation (e.g., Ulkl, Atgl3, and
AtglO0I), autophagosome formation (e.g., Vps34, Becnl,
Ambral, and Atgl4), or ATG12/LC3 conjugation systems
(e.g., Atgl2, Atg5, Atg3, and Lc3b) [88] (Fig. 3). Likewise,
mouse and human iPSCs also exhibit increased levels of
basal autophagy and higher expression of key autophagy
components such as ULK1/2, BECN1, ATG13, ATG101,
ATGI12, ATG3, and ATGS5 [88, 127]. Interestingly, the
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transcription factor Foxol mediates increased expression
of autophagy core machinery genes in ESCs [88]. Con-
versely, loss of Foxol reduces the autophagic flux of ESCs
and compromises their self-renewal, pluripotency and dif-
ferentiation [88]. However, it is important to note that other
studies found a further up-regulation of autophagy-lyso-
some activity in mESCs and hESCs during early differ-
entiation steps [128]. In these lines, both the number of
autophagosomes and degradation of p62 markedly increase
during neural differentiation. However, these parameters
remain identical during the early steps of mesodermal dif-
ferentiation, indicating differences in autophagy regulation
depending on the cell commitment fate [129]. Interestingly,
autophagy up-regulation during neural induction inacti-
vates the stress-tolerance transcription factor NRF2 [129],
a suppressor of neurogenesis.

Growing evidence indicates that autophagy is essential
for cell reprogramming [130-132]. In addition, induction
of autophagy enhances reprogramming efficiency [125].
For instance, modulation of mTOR pathway via adminis-
tration of rapamycin increases reprogramming efficiency by
two- to threefold [127]. Interestingly, mTOR is regulated
by SOX2, one of the main reprogramming factors. SOX2
can bind directly to the mTOR promoter, leading to dere-
pression of mTOR expression and activation of autophagy
[131].

Asymmetric segregation of misfolded proteins

The high proliferation rates invoked by pluripotent stem
cells could contribute to their remarkable ability to main-
tain proteostasis. Asymmetric segregation of damaged
proteins was first characterized in the budding yeast and
later found evolutionary conserved in mammalian cells. In
this process, the mother cell retains a pristine proteome,
whereas the daughter cell inherits unnecessary, damaged
and misfolded proteins [133-135]. The intermediate fila-
ment vimentin provides the physical scaffold for asymmet-
ric inheritance of damaged proteins [133]. An intriguing
possibility is that mammalian ESCs promote asymmetric
division of damaged proteins to maintain their immortal-
ity. In this model, the daughter-differentiating cell would
inherit damaged proteins, whereas the mother ESC main-
tains a pristine proteome. Interestingly, experiments in
somatic stem cells support this hypothesis. For instance,
embryonic and young mammalian neural stem cells (NSCs)
distribute asymmetrically their damaged proteins during
cell division [136]. However, this ability decreases with age
leading to a more symmetric distribution of damaged pro-
teins between progeny and, therefore, contributing to aging
of NSCs pools through organismal lifespan [136]. Whether
ESCs induce asymmetric segregation of damaged proteins
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to maintain their self-renewal and immortality remains to
be elucidated.

Proteotoxic stress responses

Under proteotoxic conditions, organisms activate a series
of cellular stress responses to correct alterations in proteo-
stasis. Among these mechanisms, the heat-shock response
(HSR) can rapidly induce the expression of specific cyto-
solic chaperones and other proteostasis nodes to overcome
drastic temperature changes that challenge the structure
of proteins [5, 137]. The HSR protects cells from protein
misfolding and ameliorates chronic and acute proteotoxic
stress [137]. Interestingly, diminished HSR is associated
with neuronal differentiation, resulting in increased vul-
nerability of neurons to stress-induced pathologies [138].
The transcription factor HSF1 is the master regulator of the
HSR. Under proteotoxic conditions such as high tempera-
tures, HSF1 translocates to the nucleus and activates the
expression of chaperones such as HSP90s and small HSPs
[137]. In normal conditions, loss of HSF1 does not affect
hESC function and their differentiation into neural cells
[101]. However, it is important to note that human cells
express other HSFs (e.g., HSF2) that could compensate the
down-regulation of HSF1 levels. Moreover, it will be fas-
cinating to examine whether HSF1 function becomes more
relevant in the context of pluripotency under proteotoxic
stress conditions.

Besides HSR, other protective mechanisms are activated
in response to proteotoxic challenges in specific organelles
such as the ER or mitochondria. In the ER, nascent secre-
tory and membrane proteins are folded into their mature
structures and enter the cellular vacuolar system. When this
process is challenged, the ER unfolded protein response
(UPRER) prevents the accumulation of misfolded proteins
by three different mechanisms: inhibition of global protein
synthesis, increased expression of chaperones to refold mis-
folded proteins, and activation of degradation of these dam-
aged proteins [139-141]. Cumulative evidence indicates
that the UPR™® is required for ESC function and differen-
tiation. Induction of the UPRER is necessary for neuronal
induction [142], whereas UPRER inhibition halts the differ-
entiation of mESCs by impairing the Smad2 and p-catenin
signaling pathways [143]. The UPRER consists of three
branches initiated by different misfolding sensors: the acti-
vating transcription factor 6 (ATF6), the stress sensors pro-
tein kinase RNA-like ER kinase (PERK), and the inositol-
requiring protein la (IREla) [140]. Notably, homozygous
deletion of these major UPRER regulators and their down-
stream effectors (e.g., XBP1) results in organogenesis dys-
function and embryonic lethality [144—147]. The molecular
chaperone GRP78/BiP plays a critical role in the activation

of the UPRER [140]. In normal conditions, GRP78/BiP
binds to the core activators (i.e., IREla, PERK, and ATF6)
of the UPRER and silence their function. When misfolded
proteins accumulate in the ER, they bind to GRP78/
BiP resulting in its dissociation from UPRER regulators
allowing for their activation [148, 149]. Grp78‘/‘ mouse
embryos do not hatch, fail to grow in culture and exhibit
diminished proliferation and increased apoptosis in the
inner cell mass, which contain the precursors of ESCs
[150]. Thus, these findings indicate that GRP78 is essential
for viability of pluripotent cells.

As the ER compartment, a vigilant mechanism formed
by chaperones and proteases, known as the mitochondrial
UPR (UPR™), is activated in the mitochondria when the
accumulation of unfolded proteins exceeds the folding
capacity of the mitochondrial matrix [151]. The impact of
the UPR™ on pluripotency and cell fate decisions remains
to be examined in detail.

Concluding remarks

A comprehensive understanding of pluripotency, differ-
entiation, and somatic cell reprogramming is necessary
for pluripotent stem cells to hold great promise for regen-
erative medicine. Maintenance of hESC function and cell
reprogramming requires the precise coordination of tran-
scriptional factors, epigenetic modifiers, and post-tran-
scriptional regulatory mechanisms. Hence, considerable
research efforts have been committed to defining the tran-
scriptional network, chromatin regulators and RNA modifi-
ers of pluripotency. As reviewed here, camulative evidence
indicates that proteostasis is also a core component of the
pluripotency regulatory network. ESCs and iPSCs exhibit
an intrinsic proteostasis network that determines their self-
renewal, stress tolerance, and differentiation abilities. Thus,
a further characterization of this network can have impor-
tant implications for extending the potential of pluripotent
stem cells in cell therapy. A further step will be to examine
the interconnectedness between proteostasis and the other
regulators of pluripotency. For instance, it will be fascinat-
ing to define how epigenetic, transcriptional, and post-tran-
scriptional regulatory mechanisms rewire the proteostasis
network depending on the differentiation state. Likewise,
in-depth analysis of how the proteostasis network impinges
upon other pluripotency and differentiation factors will
contribute to the understanding of ESC identity and organ-
ismal development.

Pluripotent stem cells represent an invaluable resource
to generate terminally differentiated cells (e.g., neurons)
facilitating the study of human diseases and drug screen-
ing. This is particularly interesting in the context of prote-
ostasis-related diseases. A large number of human diseases
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result from defects in proteostasis [5], including many
metabolic, cardiovascular, oncological, and neurodegen-
erative disorders [7]. At least 30 different human diseases
are directly associated with protein misfolding and aggre-
gation [152] and above 50 human diseases are linked to
amyloid formation [5]. Whereas a collapse in proteosta-
sis underlies these diseases, pluripotent stem cells exhibit
a striking ability to correct proteostatic deficiencies. In
this regard, it is important to note the remarkable ability
of pluripotent stem cells to suppress the accumulation of
protein aggregates [6]. For instance, iPSCs from Hunting-
ton’s disease patients do not accumulate polyQ aggregates
even when they express significant amounts of mutant HTT
[42, 153—-155]. However, a collapse in their proteostasis
network results in the accumulation of polyQ aggregates
[42, 154]. Likewise, iPSCs from Machado—Joseph disease
patients do not accumulate aggregates of polyQ-expanded
ataxin-3 [156]. Notably, neurons derived from Hunting-
ton’s disease—iPSCs do not exhibit detectable amounts of
polyQ-expanded aggregates at 12 weeks after transplanta-
tion into the brain of rat models, whereas these inclusions
could be observed after 33 weeks of transplantation [154].
These observations indicate a rejuvenation process during
the reprogramming process that prevents polyQ aggrega-
tion in differentiated neurons until they undergo a decline
in proteostasis during the aging process. Thus, investigat-
ing pluripotent stem cells from patients could contribute
to identify super-vigilant proteostasis mechanisms that
can be mimicked in somatic tissues to ameliorate disease.
Conversely, a demise in proteostasis of pluripotent stem
cells at early developmental stages may hasten the onset of
proteostasis-related diseases. In this hypothetical paradigm,
pluripotent stem cells would accumulate abnormal amounts
of misfolded and aggregated proteins that can be inherited
by their daughter progenitor/differentiated cells. As a theo-
retical example, this may result in the generation of new-
born neurons with a compromised proteome and polyQ-
expanded HTT aggregates that could hasten Huntington’s
disease-related neurodegeneration.

On the other hand, immortal pluripotent stem cells and
cancer cells share many features such as high proliferation
rates. Remarkably, both pluripotent stem cells and cancer
cells rely on increased proteostasis mechanisms such as
high expression of distinct chaperones [6, 46, 48, 157-160].
For instance, cancer cells have increased levels of HSP90s,
whereas inhibitors of these chaperones could be a poten-
tial strategy for anticancer therapies [46, 160]. Moreover,
the levels of CCTS8 are up-regulated in hepatocellular car-
cinoma and gliomas, whereas its loss induces a decreased
cancer proliferation and invasion [158, 159]. Proteasome
activity is also increased in cancer cells, a process linked
to the intrinsic requirements of these cells such as elimi-
nation of toxic proteins generated by their high mutation
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and proliferation rates [48]. In fact, proteasome inhibition
treatments are considered a potential therapeutic approach
for cancer [48]. Likewise, increased autophagic flux is
involved in metabolic homeostasis and cell viability of can-
cer stem cells, ultimately leading to resistance to hypoxia,
starvation and anticancer treatment [161]. Thus, a further
understanding of increased proteostasis in pluripotent stem
cells could also have important implications for cancer
research and therapies. For instance, defining how the pro-
teostasis network impinges upon immortality of pluripotent
stem cells could lead to a better understanding of how can-
cer stem cells generate in an organism, an essential step to
find specific treatments against these cells. Theoretically,
alterations in proteostasis at the pluripotent stem cell level
could also be a risk factor for cancer. For instance, dysreg-
ulation of enhanced proteostasis of pluripotent stem cells
may result in high oxidative stress and concomitant accu-
mulation of genotoxic factors [6] as well as misfolding of
tumour suppressor factors such as p53 [162]. Conversely, a
failure in the down-regulation of proteostasis mechanisms
(e.g., HSP90s, TRiC/CCT assembly, and proteasome activ-
ity) during differentiation could result in stress-resistant
differentiated cells with enhanced proteostasis and, eventu-
ally, higher risk of becoming tumorigenic cells. Altogether,
the study of proteostasis of pluripotent stem cells could
contribute to multiple fields of research such as aging, neu-
rodegenerative disorders, and cancer.
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